The creep behavior of the Ti-40Al-16Nb alloy and the effect of the minor addition of Sc are investigated by creep tests at 1073 K under constant load from 200 to 280 MPa. The creep curve of the alloy with high Nb contents does not exhibit a steady-state region, and the minor addition of Sc added to the alloy has no effect on minimum creep rate. The creep responses of the alloys with high Nb contents are strongly correlated with tertiary creep behavior. The effects of Sc addition are apparent on the properties of tertiary creep rate and rupture life. The tertiary creep rate of the Sc containing alloy is reduced and the creep fracture life is increased. Subgrain structures of dislocations are absent in the alloys with high Nb contents during secondary creep, and the deformation of creep converges mainly at the B2 phase. A stress exponent of 4.5 estimated indicates that the mechanism of controlling creep behavior is dislocation climb. The creep fracture of the alloys is dominated by cleavage fracture over the entire fracture surface. Sc 2 O 3 particles are an effective obstacle to the propagation of cracks and the motion of dislocations.
Introduction
-TiAl based intermetallic alloy has low density and excellent specific strength at elevated temperature. It has enormous potential for applications in aeroengine and automotive industries. 1, 2) Niobium is a -stabilizer and very effective additive for improving the performance of TiAl alloys, because of its high solubility in TiAl alloys, and having a great ability to increase the oxidation resistance and the strength of the phase. [3] [4] [5] [6] However, the oxidation resistance and the creep strength of TiAl-based alloys are regarded as crucial in practical applications at high temperature. From this viewpoint, improving the high-temperature properties of conventional TiAl alloys is important for industrial applications.
Recently, TiAl alloys with a high Nb content have been shown to exhibit favorable strength at both room temperature and high temperature. [7] [8] [9] Some researches have demonstrated the feasibility of the hot-working of TiAl alloys of a high Nb content. 10, 11) Nevertheless, the Al content in most TiAl alloys with a high Nb content is above 45 mol%. TiAl alloys with a high Nb content and the Al range between 40 and 45 mol% have been seldom studied. Besides adding high Nb contents results in the solid solution strengthening, adding the other minor elements causes the precipitation hardening, clearly improving the mechanical properties at high temperature. The formation of particles during heat treatment or a creep test results in superior creep resistance. The literature demonstrates that adding a small amount of Si, N, or C improves creep resistance by impeding of particles to dislocation motion. [12] [13] [14] Base on the strengthening effects of precipitates at high temperature, the Ti-40Al-16Nb alloy with the addition of a little of a quaternary element, such as Sc, is used to elucidate the properties of the specified alloy at high temperature. Accordingly, the object of this study is to investigate the creep behavior of Ti-40Al-16Nb alloy, with high Nb content, as well as the precipitation hardening by a small amount of Sc element added.
Experimental
The nominal compositions of the two alloys used were Ti40Al-16Nb and Ti-40Al-16Nb-0.4Sc (mol%). A small amount of Sc was added as Ti-2.13 mass% Sc master alloys. The alloys were prepared in a non-consumable electrode arc remelting furnace under protective argon gas. The button specimens were remelted and turned upside down ten times to ensure the homogeneity. The melts were cast into ingots with the size of 90 Â 25 Â 15 mm 3 and then homogenized at 1373 K for 72 h in Ar gas. An examination of the microstructure of both as-cast and homogenized alloys was carried out using a Philips XL-30 scanning electron microscope equipped with an energy dispersive X-ray spectroscope (EDS) in secondary electron mode.
The creep test specimens were machined from the heatedtreated materials by electric discharge machining in the form of plates with gauge dimensions of 12 Â 3 Â 2 mm 3 .Tensile creep tests were conducted in Satec System JE constant load creep machines with a lever arm ratio of 20:1 and a furnace with three heating zones. Each creep test was performed in an air environment at 1073 K under constant load between 200 and 280 MPa. The extension of the specimens was measured by a mounted linear variable differential transducer. The creep strain readings were continuously recorded through a PC-based data acquisition system. The test temperature was controlled within AE1 K along the gauge length of the specimen. Some tests were interrupted at a predetermined creep strain of the specimen and cooled under a load for a JEOL 100CX II transmission electron microscopic assessment of the deformation substructure. The fracture surface and the deformation microstructure of the specimens were also examined by scanning electron microscopy. Figure 1(a) clearly displays the dendrites of the typical as-cast microstructure. Based on the EDS analysis, the primary crystals of enriched Nb are stabilized /B2 phases. The phase will be referred to as the ''B2 phase'' in the rest section of this paper. Figure 1 (b) shows that at high magnification, gray Widmanstätten laths and black granular phases are present within the dendrites. Our previous work indicates that the Widmanstätten laths are composed of alternate plates of 2 and phases, both of which have ordered structures. 9) Additionally, the interdendrite region contains dense phases with various morphologies, such as lathy, feathered and irregular shapes.
Unlike the Ti-40Al-16Nb alloy, the alloy with Sc contains precipitates of size 2-3 mm. Most of these precipitates are distributed in the inter-dendrite region and some are present within dendrites, with cubic and cauliflower-shapes, as shown in Fig. 1(c) . However, the Widmanstätten structures, as mentioned above, tend to disappear in primary /B2 phases of the Ti-40Al-16Nb-0.4Sc alloy. Adding Sc to alloy with a high Nb content may inhibit the formation of 2 phases. EDS analysis shows that the precipitates, containing Ti, Al, Nb, Sc and O, are Sc-rich oxides. The Sc-rich precipitates in alloys with a high Nb content differ from those reported in the literature, in which adding Sc to two -TiAl alloys (i.e., Ti-43Al and Ti-48Al) is shown to precipitate Ti 3 (Al,Sc) as thin plates. 15) However, the morphology of Scrich precipitates in TiAl-Nb alloy is identical to that of Al 3 Sc particles in Al-Sc alloy. 16, 17) These results indicate that the formation of Sc-rich oxides in the TiAl alloy with a high Nb content is caused by the internal oxidation during solidification. The oxygen atoms forming the oxides come from Ti, Al and Nb master alloys.
Microstructure of the homogenized alloy
Figures 2(a) and (b) show BSE images of the microstructures of the Ti-40Al-16Nb and Ti-40Al-16Nb-0.4Sc alloys after homogenization at 1373 K for 72 h. Figure 2 (a) shows that the matrix of the Ti-40Al-16Nb alloy is the B2 phase; the dark phase is the phase, which has various contours and is present as equiaxed, rod-like, lathy and granular. The Widmanstätten structures originally present in the as-cast alloys disappear whereas the gray 2 phases are partially retained. Moreover, phases surrounded by 2 and phases are also present in the B2 matrix. The formation of the white phases is consistent with reports of phases in samples in which Nb contents exceed 15 mol%. 18) However, the phase with a high melting point of about 2143 K increases the high-temperature strength of the Nb-Al-V alloy system. 19) The microstructure of the homogenized Ti-40Al-16Nb-0.4Sc alloy is quite similar to that of the homogenized Ti40Al-16Nb, except the absence of the 2 phases. Furthermore, numerous fine particles are in the sub-micrometer scale after homogenization, distributing within the B2 matrix and the and phases, as shown in Fig. 2(b) . These particles are rather small, so exactly determining their chemical composition is difficult. The EDS analysis reveals that the fine particles might be Sc 2 O 3 , which form in alloy after homogenization, because of aging treatment. The EDS analysis indicates that every observed phase in the homogenized Ti-40Al-16Nb-0.4Sc alloy contains little Sc and all below 1 mol%. During long-term heat treatment at high temperature, Sc elements, initially dissolving in the as-cast alloy, may react with oxygen atoms by internal oxidation and γ γ reproduce fine-scale Sc 2 O 3 particles, as seen in the homogenized Ti-40Al-16Nb-0.4Sc alloy. Figure 3 is a creep curve, plotted as creep rate versus creep strain, for both alloy deformed at 1073 K and 200 MPa. As indicated in Fig. 3 , the addition of small amount of Sc exerts beneficial effects on creep rupture properties. The creep fracture life of the Sc-containing alloy is substantially increased. However, the Sc addition has no effect on both the primary and secondary creep behavior. The higher creep fracture strain of the alloys with a high Nb content is associated with the B2 phases. The open bcc structure causes the B2 phase to be soft and easily deformed compared with the other phases in the Ti-40Al-16Nb alloy at elevated temperature. -containing TiAl alloys are found to have high-temperature formability, and their primary creep strain and fracture strain exceed those of fully lamellar TiAl alloy under the same test conditions. 20) The creep fracture strain of Ti-40Al-16Nb-0.4Sc alloy is even higher, unlike those of Ti-40Al-16Nb alloys, because the oxygen contents in the matrix was reduced by internal oxidation to form oxides, improving the deformability and ductility of the matrix. Therefore, most of the accumulated strain associated with tertiary creep is attributable to the deformation of the B2 phase.
Creep behavior
Both the alloys exhibit a minimum creep rate of about 1 Â 10 À7 s À1 under a test condition of 1073 K/200 MPa. Under the similar condition of testing, the minimum creep rate of the Ti-40Al-16Nb(-0.4Sc) alloy is lower than that of the TiAl alloys with duplex and near-gamma structures. When compared with the TiAl alloys possessing nearly-fully lamellar structure, the property is comparable. However, the minimum creep rate is higher than that of the alloys with fully-lamellar structure.
21) The comparison shows that the Ti-40Al-16Nb(-0.4Sc) alloy studied has appropriate creep resistance.
Additionally, the figure reveals that both the primary and the secondary creep strains as proportions of the whole creep strain are very limited, at about 3.5%. The transient creep of both alloys is transformed into steady-state creep at approximately 2% accumulated total strain, and the range of steadystate creep is 2-3.5%. The creep response of the alloy with a high Nb content is strongly related to the tertiary creep. The creep curve in the alloy with a high Nb content does not have an extended steady-state region. The similar research of the TiAl alloy with high Nb contents also shows the same behavior under a test condition of 1073 K/250 MPa. Nevertheless, not all the TiAl alloys reported in the literature have this phenomenon. The reason for the absence of the extended steady-state region is still not clear. The literature offers two possible explanations of the origin of the lack of steady-state creep. 22, 23) The first is the lack of a constant dislocation structure, such as a subgrain wall, in the ordered alloys. The second is the oxidation which accelerates the propagation of cracks in a matrix during creep, and reduces the effective cross-sectional area, causing the early initiation of the tertiary stage, and the consequent disappearance of the steady state.
The results of this work are consistent with those of first statement. Figure 4(a) shows the micrograph of the microstructure in a creep test that was interrupted during secondary creep at a creep strain of 2.02%. The direction of elongation is vertical to the figure basis. The B2 phases have a higher dislocation density than the phases and no distinct subgrain structure of dislocations is shown. The image apparently shows that the Ti-40Al-16Nb alloy contains no subgrain structures of the dislocations during creep. The higher magnification image of Fig. 4(a) is shown in Fig. 4(b) . Accordingly, some ordered alloys do not have a constant dislocation structure. This work provides no conclusive proof of interactions between creep and oxidation, but further study seems necessary. Environmental factors are supposed to affect the creep behavior.
24) Figure 5 plots the stress dependence of the minimum creep rate of both Ti-40Al-16Nb and Ti-40Al-16Nb-0.4Sc alloys at 1073 K. A stress exponent of 4.5 has been estimated for Ti40Al-16Nb alloy, and adding a little Sc to Ti-40Al-16Nb alloy has no effect on the minimum creep rate. The minimum creep rates of both alloys are comparable under all test conditions, as shown in Fig. 5 . Theses results differ from those in the literatures. The literatures show that the precipitated particles clearly reduce the minimum creep rate as compared to its mother alloy in the stress range from 200 to 300 MPa at 1073 K. 12, 13) The difference is owing to that in this study most of the creep responses are dominated by the tertiary creep. The Sc addition has no effect on both the primary and secondary creep. The effects of Sc 2 O 3 particle are apparent on the properties of the tertiary creep rate and rupture life. The tertiary creep rate of the alloy with Sc addition is clearly lower than that of the alloy without Sc addition. Also, the rupture life of the alloy contained Sc is increased, as indicated in Fig. 3 .
TEM micrographs clearly indicate that the stress exponent, 4.5, of the Ti-40Al-16Nb alloy is associated with the creep behavior that is governed by a dislocation motion mechanism, and the deformation of the creep associated with the secondary creep converges mainly at the B2 phases. Based on the applied stress and temperature, different creep-limiting processes are possible. At high temperature and intermediate stress range (10 À4 < =E < 10 À2 ), creep deformation is dominated by the gliding and climbing of dislocations, and creep rate is controlled principally by dislocation climb. The n value for creep controlled by dislocation climb is in the range 4-6. 25) Moreover, similar work on TiAl alloy with a high Nb content shows that a stress exponent of about four under a creep condition of 988-1078 K/150-225 MPa is a creep behavior governed by dislocation climb. 14, 26) Consequently, the controlling mechanism for creep behavior of Ti40Al-16Nb and Ti-40Al-16Nb-0.4Sc alloys under test conditions herein is dislocation climb.
Microstructural analysis after creep
Figures 6(a) and (b) show selected BSE images of the creep fracture of Ti-40Al-16Nb alloys, in which the load direction is parallel to the figure basis. After creep deformation, the volume fraction of the small phase is increased, indicating that the creep test induces phase transformation to the stable phase, as shown in Fig. 6(a) . The figure also shows the propagation of cracks. Owing to the incompatibility of the plastic behavior between the phase and B2 matrix, cracking is expected to initiate at the /matrix interface during creep deformation. When the creep strain gradually increases, cracks propagate either along the /matrix interface or through the cleavage in the B2 matrix in the tertiary creep. With increasing the creep strain, cracks propagating within the B2 matrix may meet the phase, and then proceed along the /matrix interface or through the cleavage in the phase, as shown in the observed image of SEM. The same observation applies to both 2 and phases, as shown in Fig. 6(b) . 40Al-16Nb and Ti-40Al-16Nb-0.4Sc alloys. Cracking of both alloys proceeds predominantly by transgranular cleavage over the entire fracture surface, which is subject to severe oxidation and covered with a heavy oxide scale. Figure 7 (a) shows that some equiaxed grains have been pulled out of the fracture surface during failure, while others remained on the fracture surface. This observation is in agreement with the fracture path, as presented in Fig. 6(a) . Figure 7 (b) reveals that cracks propagate through the Sc 2 O 3 /matrix interface by debonding. Additionally, Sc 2 O 3 particles can be found in the fracture surface and leave holes, but no fractured Sc 2 O 3 particle is present, suggesting that the surface between the matrix and the particle is incoherent, and the Young's modulus of Sc 2 O 3 transcends that of the B2 matrix. The strengthening effect of Sc in alloy results from the deflection of the crack along the interface between particles and the matrix. Figure 8 shows the microstructure of the Ti-40Al-16Nb-0.4Sc alloy deformed in the early stage of tertiary creep at 1073 K and 240 MPa with a creep strain of 4.4%. The figure clearly proves that the fine Sc 2 O 3 precipitate retards the motion of dislocations at elevated temperatures, enhancing the creep fracture life of the alloy. Therefore, the Sc 2 O 3 particles uniformly distributed in the matrix hinder the gliding of dislocations and the propagation of cracks, further increasing creep fracture life of TiAl alloys with high Nb contents.
Conclusions
(1) In the as-cast Ti-40Al-16Nb alloy, the dendrite structure of primary /B2 crystal is present. Adding a little Sc to Ti-40Al-16Nb alloy forms Sc-rich oxides formed by internal oxidation during solidification. After homogenization, Ti-40Al-16Nb alloys have B2 matrices with phases with various morphologies and phases that are surrounded by 2 and phases. As well as the Sc-rich oxides that initially are present in the ascast Ti-40Al-16Nb-0.4Sc alloy, fine Sc 2 O 3 particles formed during aging treatment are also present in homogenized alloy with Sc content. (2) At 1073 K, Ti-40Al-16Nb-0.4Sc alloy has a longer creep life than Ti-40Al-16Nb alloys. The alloy with high Nb contents does not exhibit steady-state region.
The effect of Sc addition on tertiary creep behavior is evident: the tertiary creep rate is reduced. The subgrain structures of dislocations are not fixed during secondary creep in the study, and the deformation of creep mainly converges at the B2 phase. A stress exponent of 4.5 is estimated for both alloys and the mechanism that controls creep behavior of both alloys under the test conditions herein is dislocation climb. (3) The creep fracture of both alloys is dominated by cleavage fracture over the entire fracture surface. Additionally, Sc 2 O 3 precipitates are observed on the fracture surface and cracks propagate through the particle/matrix interface by debonding. Therefore, the interface is incoherent and the Sc 2 O 3 particles are an effective barrier to the propagation of cracks and the movement of dislocations.
